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This research paper presents an experimental investigation on the conﬁnement strength and conﬁnement modulus of concrete cylin-
ders conﬁned using diﬀerent types of natural ﬁbre composites and a comparative performance analysis with diﬀerent artiﬁcial ﬁbre based
composite materials. The paper also highlights the need to switch over from the utilization of artiﬁcial ﬁbres, which are non-renewable
and fossil fuel products, to environmental beneﬁcial materials like green ﬁbres. The utilization of plant products like sisal and jute ﬁbres
and their composites in various structural engineering applications addresses the issues of sustainability and renewability with construc-
tional materials. The paper describes a suitable mechanical treatment method like high temperature conditioning, which aids us in further
improving the properties of these woven natural materials like sisal and jute for composite fabrication and utilization. Heat treated nat-
ural ﬁbres of woven sisal and jute were utilized for conﬁning concrete cylinders similar to CFRP and GFRP conﬁnement and their con-
ﬁnement characteristics were obtained and compared. All the cylinders were subjected to monotonic axial compressive loads, so as to
evaluate the eﬀect of conﬁnement on the axial load carrying capacity and all their failure modes were discussed thoroughly. The results
indicated superior performance by sisal FRP as well as jute FRP conﬁned cylinders as compared to controlled or unconﬁned cylinders,
also sisal FRP wrapped cylinders displayed ultimate axial load of comparable magnitude to CFRP conﬁnement. Natural FRP conﬁne-
ment displayed superior conﬁnement modulus and conﬁnement strength, also the ultimate axial load of concrete cylinders conﬁned with
natural FRPs underwent 66% enhancement by sisal FRP and 48% enhancement by jute FRP, in comparison with controlled or uncon-
ﬁned cylinders. Enhancement in axial load carrying capacity was 83% with CFRP conﬁnement and 180% with GFRP conﬁnement.
Although natural FRP displayed lower enhancement in axial load carrying capacity in comparison with artiﬁcial FRP conﬁnement,
but enhanced load carrying capabilities alongside superior sustainability and environmental friendly indices could be obtained using
the same, because of various advantages associated with the use of natural ﬁbres.
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A large number of studies have been undertaken
world-wide to evaluate the behaviour of concrete conﬁned
by ﬁbre reinforced polymeric materials (FRPs). FRPsduction and hosting by Elsevier B.V. All rights reserved.
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components be it beams, columns or slabs, retroﬁtting or
rehabilitation, they also greatly increase ductility and
energy absorption capabilities in these building compo-
nents. FRPs have displayed remarkable increase in
strength and ductility, when bonded to reinforced concrete
(RC) elements, providing conﬁnement throughout. Huge
quanta of experimental and analytical works are available
via many research resources for analysing and evaluating
the mechanical behaviour of FRP-conﬁned concrete
(Xiao and Wu, 2000; Pessiki et al., 2001; Xiao and Wu,
2001, 2006; Elsanadedy et al., 2012; Micelli and
Modarelli, 2013; Vincent and Ozbakkaloglu, 2013). A large
quantum of data are available for FRP conﬁned concrete
cylinders subjected to axial compressive loads, but also
all these data give knowledge and information regarding
artiﬁcial ﬁbres such as carbon ﬁbre (CFRP), glass ﬁbre
(GFRP) and aramid ﬁbre (AFRP) conﬁned concrete cylin-
ders. There are very scarce and limited data and research
available on natural ﬁbre based composite conﬁned con-
crete cylinders. With the world moving ahead for ﬁnding
a suitable replacement of artiﬁcial ﬁbres, natural ﬁbre uti-
lization for various structural applications should be ven-
tured into as they have shown lot of promise. Taking
into account the basic raw-materials utilized for the manu-
facturing of these artiﬁcial ﬁbres, we get to know that the
raw-materials utilized for manufacturing all these ﬁbres
are non-renewable deposits on the earth that had been
formed by millions and millions of years ago by virtue of
nature forces. Artiﬁcial ﬁbres such as carbon or glass or
aramid ﬁbres are all artiﬁcially fabricated and manufac-
tured from various fossil fuel sources. Carbon ﬁbres are
mainly manufactured from coal or petroleum pitches,
which make them non-renewable and non-sustainable in
nature. Textile or fabric grade glass ﬁbres are basically
made from silica (SiO2) sand. SiO2 is also the basic element
in quartz, a naturally occurring rock. With fast depleting
layers of sand from river beds, because of the construc-
tional activities resulting in unprecedented sand mining,
we have to ensure that such unprecedented sand mining
is checked and avoided so that catastrophical
geo-hazards can be prevented. Also considering other facts
that these artiﬁcial ﬁbres are not renewable,
bio-degradable, their waste disposal causes major environ-
mental pollution, their manufacturing itself causes harsh
environmental conditions for the factory workers, these
materials cause excessive wear and tear in the instruments
which are used for their manufacturing, and production
releases toxic gasses in the atmosphere and also harmful
chemicals are released, their handling causes heath related
problems especially dermatitis problems, and ﬁnally these
are non-sustainable materials which although come with
obvious superior mechanical properties, but at the cost of
various environmental-sustainability issues. On the other
hand, natural ﬁbres, which are cellulosic ﬁbres have good
mechanical properties, particularly sisal and jute ﬁbres
have displayed potential mechanical properties(Munikenche Gowda et al., 1999; Gassan and Bledzki
Andrzej, 1999; Li et al., 2000; Rong et al., 2001; Ray and
Sarkar, 2001; Kim and Seo, 2006; Stocchi et al., 2007;
Wang et al., 2008; Liu and Dai, 2007; Summerscales
et al., 2010). These properties of natural ﬁbres can be fur-
ther improved upon by suitable treatment methods, partic-
ularly considering woven ﬁbres in fabric forms, mechanical
treatment in the form of heat treatment is very eﬀective in
improving the mechanical properties of natural woven
ﬁbres or natural fabrics of plant ﬁbres, for composite fab-
rication (Barreto et al., 2011; John and Thomas, 2008;
Janeza and Croatia, 2010; Kaewkuk et al., 2010; Kabir
et al., 2011; Milanese et al., 2011; Campos et al., 2012;
Fa, 2015; Textile, 2015). Cellulose, which awards mechan-
ical properties to the natural ﬁbre, is ordered in
micro-ﬁbrils enclosed by the other two main components:
hemicellulose and lignin. Lignin is an aromatic biopolymer,
an integral cell wall constituent of all vascular plants and
hemicelluloses are a large group of polysaccharides found
in the primary and secondary cell walls of the plants. These
three mentioned components are responsible for the phys-
ical properties of the ﬁbres. These natural ﬁbres can be
eﬀectively used in the manufacture of ﬁbre reinforced poly-
mer composites because they possess attractive physical
and mechanical properties (Milanese et al., 2012; Joshi
et al., 2004; Sapuan et al., 2006; Sreekumar et al., 2009;
Ratna Prasad and Mohana Rao, 2011; Milanese et al.,
2011; Alamri and Low, 2012; Sawpan et al., 2011;
Nardone et al., 2012; Venkateshwaran et al., 2012; Maria
Ernestina et al., 2013). They impart the composite high
speciﬁc stiﬀness and strength, a desirable ﬁbre aspect ratio,
and biodegradability. They are readily available from nat-
ural sources and more importantly they have a low cost per
unit volume basis. It should also be mentioned that the hol-
low nature of vegetable ﬁbres may impart acoustic insula-
tion or damping properties to certain types of matrices.
These natural ﬁbres have a lot of important features such
as low cost, low density, higher speciﬁc resistance, biologi-
cal degradability, CO2 neutrality, renewability, good
mechanical properties, non-toxicity, lesser abrasive nature
to the instruments used for their manufacturing and pro-
duction and can be easily modiﬁed by chemical or mechan-
ical treatment methods. All these parameters involved with
the natural ﬁbres make them biodegradable, renewable and
sustainable green ﬁbres available so that their potential can
be trapped and utilized for not only as a constructional
material, but also as one which enhances structural proper-
ties by not harming the environment (Monteiro et al., 2013;
Bledzki and Gassan, 1999; Zhang et al., 2005; Mathur,
2006; Xu et al., 2008; Satyanarayana et al., 2009; Singh
Rajesh et al., 2009; Summerscales et al., 2010; La Mantia
and Morreale, 2011; Hota and Liang, 2011; Langford,
2011; Moldan et al., 2012; James and Richard, 2012;
Begum and Islam, 2013; Lo´pez-Lara et al., 2013;
Cristaldi et al., 2015). Their utilization can aid us to boost
rural economy and rural empowerment. The investigation
of the performance of natural ﬁbre in fabric or woven form
Table 1
Typical properties of saturant as supplied by the manufacturer.
Mechanical property MBrace saturant
Description 2 Parts; Part A-epoxy and Part B-hardener
Density 1.06 kg/lt (Mixed density)
Colour Blue
Bond strength >2.5 N/mm2 (Failure in concrete)
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the same around RC cylinders and their comparative anal-
ysis with the commonly used FRP conﬁnement materials,
such as CFRP and GFRP conﬁned RC cylinders, would
be up for an interesting study. Their comparative perfor-
mances should be well evaluated to understand the poten-
tial of natural ﬁbre composite conﬁnement over artiﬁcial
ones, so as to substantially enhance the axial compressive
strength and ductility of concrete cylinders due to lateral
conﬁnement of FRP, additionally the various durability
issues associated with natural FRPs also have to be studied
in order to attain their long term usage in constructional
ﬁelds. External conﬁnement of concrete, by FRP fabric
composite bonding, enhances its strength and ductility.
Various experiments and analysis that have been carried
out, are proving enough, and have displayed enhanced duc-
tility pertaining to FRP conﬁned cylinders, which are anal-
ogous to concrete columns or FRP conﬁned RC beams
(Ahmeda and Vijayarangan, 2008; Oehlers et al., 2009,
2013; Wang and Belarbi, 2011; Issa et al., 2011; Hussein
et al., 2012; Said and Elrakib, 2013; Gunes et al., 2013).
Until recently the external conﬁnement was mainly pro-
vided by either artiﬁcial ﬁbre composites of carbon ﬁbres
(CFRP), glass ﬁbres (GFRP) or aramid ﬁbres (AFRP),
which indeed have displayed huge enhancement in strength
and ductility of the concrete cylinders by virtue of their
conﬁning action. Another added advantage of FRP con-
ﬁnement is that it enhances strength and ductility parame-
ters, without any substantial increase in the cross sectional
characteristics or weight of the concrete component. Now a
days, with the development and research being diverted to
ﬁnding bio based replacement for artiﬁcial carbon or glass
ﬁbres, the conﬁnement capabilities of natural fabric com-
posite bonded to concrete components is a ﬁeld, yet to be
worked and analysed upon. A clear understanding of the
strength and ductility of natural ﬁbre based
FRP-conﬁned concrete is necessary for evaluating their
conﬁnement and ductility characteristic parameters. This
research paper carries out an experimental investigation
on the conﬁnement strength and conﬁnement modulus
parameters of concrete cylinders fully conﬁned and 50%
conﬁned (carried out by strip wrapping) by natural fabrics
of jute and sisal, and also by artiﬁcial fabrics of carbon and
glass composite wrapped concrete cylinders subjected to
axial compressive loads. The research paper also compares
the eﬀectiveness of the diﬀerent types of ﬁbre composite
wrappings in enhancing the axial load and the conﬁnement
strength of the concrete cylinders.
2. Mechanical characterization of FRP composite
2.1. Materials
The sisal and jute fabrics were collected from Extra
Weave Private Ltd, Cherthala, Kerala, India. MBrace
FRP ﬁbre, of two types, that is MBrace Carbon ﬁbre CF
230 g and MBrace Glass Fiber EU 900 glass ﬁbre, both infabrics were collected from BASF Construction Chemicals
Chandivali, Andheri East, Mumbai, India, and were used
in this work. Also all other chemicals used for the fabrication
of the natural jute FRP composite for the mechanical char-
acterizations, such as MBrace saturant, which consists of
Part A Resin, and Part B hardener were obtained from
BASF Construction Chemicals Chandivali, Andheri East,
Mumbai, India. Table 1 presents the properties of the
MBrace saturant as supplied by the manufacturer.2.2. Heat treatment of natural ﬁbres in woven or fabric forms
The mechanical treatment in the form of heat treatment
was carried out in the following manner: sisal and jute fab-
ric mats were cut into the size as required for ﬂexural
strength test as per ISO 14125:1998 and tensile strength test
as per ISO 527-4, 1997(E) ISO 527-4, 1997, for the natural
ﬁbre woven mats. Fig. 1 clearly represents the heat treat-
ment mechanism utilized for high temperature condition-
ing of the natural woven ﬁbres of sisal and jute. These
woven ﬁbre mats were then placed into the oven at 50 C
for 48 h. After that the samples were kept in an air tight
chamber so that atmospheric moisture could not be
absorbed by these samples. Basically, when the ﬁbres are
exposed to atmosphere, it results in the absorption of mois-
ture. This moisture which gets accumulated in the ﬁbres
requires to be eliminated, this elimination of the moisture
from the ﬁbres can be attained by the process of heat treat-
ment. Heat treated composites of natural fabrics or mats
have shown to display a higher strength than untreated
composites of natural ﬁbre fabrics or mats. The eﬀect of
elevated temperature conditioning can be described as a
threefold eﬀect on the cellulosic ﬁbres of jute and sisal.
Firstly the modiﬁcation of cellulosic structure by enhanced
cross-linking, then secondly, increased amount of crys-
tallinity in the ﬁbres, and thirdly, by de-moisturization,
which improves adhesion between ﬁbres and natural rub-
ber backing. High temperature in general accelerates as
well as activates chemical reactions. In cellulosic materials,
such as natural ﬁbres of jute and sisal, which consists of
about 65–70% of cellulose, it leads to the formation of rad-
icals, which in turn leads to several other reactions. Also, at
elevated temperatures, there is cross-linking of cellulose,
which reduces the swellability of the lignocellulosic ﬁbres.
In the presence of oxidation, cross-linking of cellulose is
enhanced by formation of hemiacetal groups by the carbo-
hydrate chains. Although heat treatment is a physical pro-
cess, but it leads to the modiﬁcation of the ﬁbre surface
Figure 1. (a) Samples in oven for high temperature conditioning; (b) thermostatically controlled oven used for heat treatment of woven natural fabrics.
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ture. The crystallinity of the ﬁbres could be attributed to
the fact that, upon consistent heat treatment at 80 C, for
48 h, the crystallinity of cellulose increases due to the rear-
rangement of molecular structure at elevated temperatures.
Thermal treatment also results in moisture loss of the fab-
ric thereby enhancing the extent of bonding between fabric
and the natural rubber backing. As we know that demois-
turization plays a vital role in enhancing mechanical prop-
erties, the overall properties of composites prepared with
high temperature conditioned woven jute or sisal ﬁbres
are better than the composites prepared with untreated
ones of the same woven ﬁbres of jute or sisal. Also another
important aspect for thermal conditioning is that the ﬁbres
are exposed to atmosphere during manufacturing, process-
ing, transporting, etc, which results in the absorption of
moisture by the ﬁbres from the environment. This moisture
which gets accumulated in the ﬁbres also requires to be
eliminated, and can be attained by the process of thermal
conditioning.2.3. Fabrication of composites
The woven sisal and jute ﬁbre mats were cut in sizes as
per the speciﬁcations of tensile test as per ISO 527-4,
1997(E) ISO 527-4, 1997 and carbon and glass fabrics were
cut in sizes as per the speciﬁcation of ISO 527-5:1997(E)
ISO 527-4, 1997. Since jute and sisal both belong to Class
II Type material, and carbon belongs to Class IV and glass
belongs to Class III, all restrictions of the specimen dimen-
sions for ﬂexural testing as per the code ISO 14125:1998
(BS EN ISO14125, 1998) were followed, before subjecting
the natural ﬁbres to mechanical treatments themselves. A
plastic bit mould of suitable dimension was used for casting
the fabric composite sheets. The usual hand lay-up tech-
nique was used for the preparation of samples. A calcu-
lated amount of epoxy resin and hardener at a ratio 3:1
by weight was thoroughly mixed with gentle stirring to
minimize air entrapment. For quick and easy removal of
composite sheets, a mould releasing agent was used. Elec-
trical Insulating Paper was put underneath the Plastic Bit
Mould and mould release agent that as either poly-vinylalcohol or silicone grease was applied at the inner surface
of the mould. After keeping the mould on the insulating
sheet, a thin layer (2 mm thickness) of mixture of epoxy
and hardener was poured. Then the fabric mats were sepa-
rately distributed on the mixture on diﬀerent moulds. The
remaining mixture was then poured into the mould on
top of the fabric mats. Care was taken to avoid formation
of air bubbles. Pressure was then applied from the top into
the mould and with this pressure on top of the composite
sheet; it was allowed to cure at room temperature for
48 h. After 48 h the samples were taken out from the mould
and kept in an air tight container for further
experimentation.2.4. Mechanical testing
Two mechanical tests were performed for all the four dif-
ferent variety samples of fabric (or woven) composites of
jute, sisal, carbon and glass. These two tests include tensile
strength test and ﬂexural strength test. The tensile test was
carried out by applying uni-axial load through both the ends
of the specimen, using suitable jaws as an attachment to the
UTM (universal testing machine). The tensile test was per-
formed in the HEICO Digital Universal Testing Machine
and results were obtained digitally with the aid of the digital
data acquisition system. The dimensions of the specimens
were as per ISO standards. The tensile strength test for jute
and sisal fabric composites were done in accordance to
ISO 527-4, 1997(E). The tensile strength test for both carbon
and glass textile composite was done in accordance to ISO
527-5:1997(E). All the results were taken as an average value
of 5 samples each. Fig. 2 shows the tensile testing arrange-
ment and also the tensile fractures in all the FRP composite
samples. Various types of fractures were observed in the tex-
tile composite samples, diagonal fracture as well as straight
fracture perpendicular to the textile direction was observed
in the case of sisal and jute textile FRP and uneven tearing
fracture was observed in the case of carbon and glass FRP.
All these types of fractures are accepted modes of tensile
fracture in accordance to ISO 527-4, 1997(E) and ISO
527-5:1997(E), respectively. After the tensile strength tests,
the ﬂexural strength of the textile composites was deter-
Figure 2. (a) Tensile testing of woven FRP; (b) tensile fracture samples of jute FRP; (c) tensile fracture samples of sisal FRP; (d) tensile fracture samples of
carbon and glass FRP.
Figure 3. (a) Flexural testing of woven FRP; (b) ﬂexural fracture sample of jute FRP; (c) ﬂexural fracture sample of sisal FRP; (d) ﬂexural fracture sample
of carbon FRP; (e) ﬂexural fracture sample of glass FRP.
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test, which generally promotes failure by inter-laminar
shear. This test was conducted as per ISO 14125:1998 stan-
dard, using a load cell of high sensitivity. Fig. 3 shows theﬂexural testing arrangement and also the ﬂexural fractures
in all the FRP composite samples. After the ﬂexural failure
occurred, all specimens of the composites showed a single
line fracture (perpendicular to the plane of the textile com-
Table 2
Tensile strength and ﬂexural strength property of all types of woven FRP composites.
Type of FRP
composite
Peak tensile
load (kN)
Cross sectional
area (mm2)
Average peak tensile
load (kN)
Average tensile
strength (N/mm2)
Peak ﬂexural
load (kg)
Peak deﬂection
(mm)
Average peak
ﬂexural load (N)
Average ﬂexural
stress (N/mm2)
Control or untreated
jute FRP
7.63 91.25 7.65 83.836 27.5 2.87 264.87 127.711
7.52 91.25 26 2.61
7.76 91.25 26.5 2.72
7.69 91.25 28 2.76
Heat treated jute
FRP
17.84 91.25 17.29 189.479 42.5 4.55 426.735 208.705
16.65 91.25 43 4.66
17.24 91.25 44 4.42
17.43 91.25 44.5 4.53
Control or untreated
sisal FRP
10.68 99.50 10.71 107.638 52.5 2.48 519.93 210.523
10.74 99.50 52.4 2.65
10.76 99.50 53.6 2.58
10.66 99.50 53.5 2.55
Heat treated sisal
FRP
22.12 99.50 22.225 223.367 77.5 10.72 760.275 350.034
22.34 99.50 77.5 10.89
22.23 99.50 77.9 10.83
22.21 99.50 77.1 10.78
Carbon FRP 16.34 18 16.615 923.056 46 8.69 451.26 1587.134
16.89 18 45 8.77
16.72 18 46 8.68
16.51 18 47 8.78
Glass FRP 14.32 21 14.25 678.571 25.5 3.45 313.92 666.871
14.18 21 26 3.88
14.23 21 25 3.74
14.27 21 26.5 3.59
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strength and ﬂexural strength of the diﬀerent types of treated
and untreatedFRPs of sisal and jute, alongwith the values of
artiﬁcial FRPs of carbon and glass. Fig. 4 presents the com-
parative graphical variation of the ultimate tensile strengths
and the moduli of elasticity of all FRP composite samples.
3. Durability study of FRP composites
While most of us have a general sense of what the term
‘durability’ means, it is not easily deﬁned in the context of
infrastructure materials and numerous deﬁnitions have
been proposed in the literature. In the current educational
module durability is deﬁned on the basis of a deﬁnition
oﬀered by Karbhari et al. (1997, 2007) as the ability of
an FRP element: “to resist cracking, oxidation, chemical
degradation, delamination, wear, and/or the eﬀects of for-
eign object damage for a speciﬁed period of time, under the
appropriate load conditions, under speciﬁed environmental
condition.” The available data on the durability of FRP
materials are somewhat limited and can thus appear con-
tradictory in some cases. This is due to the many diﬀerent
forms of FRP materials and fabrication processes currently
used. Furthermore, FRPs used in civil engineering applica-
tions are substantially diﬀerent from those used in the aero-
space industry, and hence their durability cannot be
assumed to be the same. All engineering materials are sub-
ject to mechanical and physical deterioration with time,
load, and exposure to various harmful environments. Here
durability study of sisal, jute, carbon and glass FRP com-
posites were evaluated under three most common environ-
mental conditions of civil infrastructure:
3.1. Eﬀect of normal water
The mechanical properties of thermoset resin matrix
composite materials are aﬀected when exposed to wet2
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Figure 4. (a) Ultimate tensile strength of all woven FRP composenvironments. The absorbed water causes matrix plasti-
cization and or interface degradation. The eﬀect of water
environment on moisture absorption characteristics of the
diﬀerent composite materials has been investigated by the
measurement and analysis of percentage moisture content,
thickness swelling and eﬀect of water on the tensile strength
property of sisal, jute, carbon and glass FRP composites.
Firstly the composites were weighed and their thicknesses
were measured. Normal water was then collected and
heated (till bubbles started appearing) to 1000 C along with
the composites for 30 min, then the composites were
removed from the hot water, and wiped with cotton and
then weighed again, and their thicknesses were measured.
The relative mass change of the epoxy in the specimens
under study was expressed as a percentage obtained using
the expression: Moisture content = (weight of soaked spec-
imen  weight of dry specimen)/weight of dry specimen.
Thickness swelling index was also measured by measuring
the thickness of the composites before and after boiling.
Lastly tensile strength tests were carried out on these com-
posite samples. It was observed that the moisture content
percentages were 5.9% for sisal, 6.6% for jute, 1.4% for car-
bon and 0.6% for glass FRP composites. Natural FRP
composites displayed a higher moisture content than artiﬁ-
cial FRP composites. Thickness swelling percentages were
2.7% for sisal, 8.9% for jute, 7% for carbon and 7% for
glass FRP composites. Sisal FRP composite displayed the
least thickness swelling index. The tensile strength of all
the FRP composites underwent an increment in the wet
conditions as compared to the dry conditions. The tensile
strength increased by 6% for sisal, 8% for jute, 1.3% for
carbon and 1% for glass FRP composites. All the FRP
composites i.e. both natural and artiﬁcial FRP composites
displayed similar trends and behaviour under the eﬀect of
water. The hydro-thermal eﬀects on the various FRP com-
posites could be as a result of two mechanisms. Firstly, at
the macroscopic level, the expansion of the matrix due to0
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and compressive stresses in the matrix which is similar to
diﬀerential thermal expansion. Secondly, at the molecular
level, the diﬀusing molecules of water may strain or rupture
the intermolecular bond in the matrix and at the interface.
3.2. Eﬀect of thermal ageing
Thermal ageing behaviour of composite is of special
interest because of their expanding use for structural appli-
cations where increased temperatures are common environ-
mental condition. There are signiﬁcant chemical and
structural changes in epoxy networks which take place dur-
ing thermal ageing. Delamination and micro cracking are
some of the most frequently observed damaging phenom-
ena that may develop in polymer composites exposed to
cryogenic temperatures (low temperature conditions).
Two batches of samples were fabricated for this test. The
ﬁrst batch of samples were kept at a temperature of
+75 C (in oven) for 10 hours, and the second batch of
samples were exposed to ultra-low deep freezing conditions
at 75 C temperature, in the freezer for 6 h, these were
followed by tensile strength testing for both the batches
of the samples immediately. It was observed that the tensile
strength of the various woven FRP composites underwent
an increment under high temperature i.e.+75 C conditions
and came down under low temperature i.e. 75 C condi-
tions. Tensile strength enhanced by 8% for sisal, 7% for
jute, 2% for carbon and 2.5% for glass FRP composites
under +75 C conditions, and tensile strength decreased
by 14% for sisal, 12% for jute, 4.5% for carbon and 5.5%
for glass FRP composites under 75 C conditions. The
most common damage modes in thermal ageing are matrix
cracking, delamination growth and ﬁbre fracture. Cryo-
genic exposure introduces matrix cracking and/or interfa-
cial debonding. During cryogenic conditioning the
ﬁbre/matrix adhesion is low. So the ﬁrst form of damage
in laminates is commonly matrix micro cracks and
inter-laminar cracks at such low temperature conditions.
This is one of the reasons for the decrease in the tensile
strength of composites, when subjected to very low temper-
atures. Thermal conditioning at higher temperatures,
imparts better adhesion and thus improved tensile strength
values are observed, since ﬁbre cross linking is highly prob-
able during thermal conditioning, when the composites are
exposed to higher temperatures, hence, it increases the ten-
sile strength of the composites. Both the natural ﬁbre com-
posites and the artiﬁcial ﬁbre composites behaved similarly
under the thermal ageing test conditions.
3.3. Fire ﬂow test
Fire ﬂow study of any material is very important for con-
structional performance, from the study we can easily
know, if any ﬁre related accident happens, how fast the ﬁre
can ﬂow with respect to time considering the building mate-
rial, and how can we reduce the ﬂow rate of ﬁre, and whatwill be the eﬀect in environment when those particular
materials get ﬁre. This test was performed in accordance
to ASTM D635 standard, and the burning rate was mea-
sured. The average burning rates displayed were
12 mm/min for sisal, 10 mm/min for jute, 51 mm/min for
carbon, and 28 mm/min for glass FRP composites. Natural
FRP composites displayed the lowest burning rates as com-
pared to artiﬁcial FRP composites, hence the ﬁre behaviour
of natural FRP composites was far better as compared to
artiﬁcial FRP composites. Natural FRP composites were
basically thicker than artiﬁcial FRP composites, hence the
thick layer of the composite acted as a heat sink, and also
as an insulating layer, thus slowing down the burning rate
as compared to thin FRP composites.
4. Methods
4.1. Details of concrete cylinder specimens
A total of 18 cylindrical concrete specimens, all with
103 mm diameter and 200 mm height were cast, and cured
for 28 days before being tested. The target compressive
strength of the mix was 20 MPa. Out of the 18 cylinders
cast, 2 cylinders were selected as control specimens, where
no FRP wrapping was carried out. The rest of the cylinders
were cast in 2 batches of 8 each. The ﬁrst 9 cylinders were
FRP wrapped throughout their entire diameter, i.e. fully
FRP wrapped. The second batch of 9 cylinders was FRP
wrapped, so as to achieve 50% of wrapping conﬁguration.
The entire summary of all the model specimens along with
their diﬀerent conﬁning conﬁgurations are described in
Table 3. In the present work, ordinary Portland cement
of 53 grade, i.e. ACC cement of grade 53 conforming to
IS:12269-1987 had been used. Locally available clean river
sand was used in this work. The maximum size of coarse
aggregate used was 12 mm. The mix proportion of the con-
crete was in accordance to IS:10262-2009, in order to
achieve the concrete target compressive strength of
20 N/mm2, with the mix proportion by weight of
cement:sand:coarse aggregate being 1:2.07:1.87.
4.2. Wrapping procedure of natural and artiﬁcial FRPs on
cylinder specimens
The surface preparation of the cylinders for conﬁnement
was carried out after 28 days, i.e. after the concrete had
attained full 28 days of curing strength. The concrete cylin-
ders were prepared by grinding their entire cylindrical sur-
faces with the help of a grinding machine. This was done so
as to roughen the surfaces of all concrete cylinders where
FRP wrapping would be successively carried out. After
grinding, the surfaces were cleaned with an air nozzle,
and ﬁnally wiped to remove any dust or loose particles.
Small surface defects in concrete cylinders which may arise
due to manual casting techniques, were repaired and made
good using concresive 2200. Then a coat of MBrace pri-
mer was applied on the entire side surface of the concrete
Table 3
Summary of all the concrete cylinders along with their wrapping conﬁguration.
Cylinder group Conﬁnement conﬁguration Strengthening material Number of FRP layers Beam designation
(Two numbers of models under each category)
Group A Nil Nil One Control1, Control2
Group B Full wrapping and conﬁnement Sisal FRP One SisalF1, SisalF2
Jute FRP One JuteF1, JuteF2
Carbon FRP One CarbonF1, CarbonF2
Glass FRP One GlassF1, GlassF2
Group C Strip wrapping and conﬁnement Sisal FRP One SisalS1, SisalS2
Jute FRP One JuteS1, JuteS2
Carbon FRP One CarbonS1, CarbonS2
Glass FRP One GlassS1, GlassS2
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Next, Resin Part A and Hardener Part B of the two com-
ponent MBrace saturant were mechanically premixed as
per the guidelines of the BASF manufacturer for 3 min
or until homogeneous. The ratio of mixing of resin and
hardener was 3:1. Firstly, one coat of epoxy
resin-hardener mix was applied throughout the entire
diameter of the concrete cylinders for full wrapping conﬁg-
uration, and also in the measured strip surfaces along the
diameter of the cylinders for strip wrapping conﬁguration.
Then the respective natural and artiﬁcial fabrics were all
placed on top of the respective concrete cylinders, and
another coat of epoxy resin- hardener coating was placed
immediately on the respective cylinder models and the resin
was squeezed through the roving of the fabric with plastic
laminating roller. The entire summary of all the models as
described in Table 3 was observed and followed for the
wrapping and conﬁnement conﬁguration. It was made sure
that all fabric reinforcements were properly impregnated
within the resin hardener mix. Air bubbles entrapped at
the epoxy/concrete or epoxy/fabric interface were all elim-
inated. All the FRP conﬁned concrete cylinders were cured
for at least two weeks at room temperature before they
were ﬁnally tested. The entire FRP conﬁning process that
is surface preparation of concrete cylinders and bonding
of respective natural or artiﬁcial FRPs in full conﬁnement
or strip conﬁnement, along with top most coat of
epoxy-hardener, has been clearly presented in Fig. 5. Also
it is to be mentioned that only one FRP layer was used in a
single layer and it was applied for all cylinders in one con-
tinuous manner without any discontinuity, with one over-
lapping zone.4.3. Axial compression testing
Axial compressive tests on the controlled or unconﬁned
cylinder specimens were carried out after the 28 day strength
of concrete was attained. Also, the axial compressive tests on
the FRP-conﬁned concrete cylinders were carried out after14 days of air curing after the FRP conﬁnement or wrapping
process. The axial compressive test on all the concrete con-
trolled or unconﬁned cylinders as well as the FRP conﬁned
cylinders were carried out in the universal testing machine
(UTM) by HEICO (Fig. 6). The rate of application of load-
ing was 2 mm/min. The entire axial loads carried by the con-
crete specimens along with their corresponding axial
deformations were recorded with the help of the digital data
acquisition system. The recorded axial loads (kN) were used
in the calculation of the percentage increase in the axial load
carrying capacity due to conﬁnement provided by natural
fabric composites of sisal and jute, and artiﬁcial fabric com-
posites of carbon and glass. To ensure an even loading sur-
face a thin layer of capping material was applied at the top
surface of the concrete cylinder, for uniform distribution
of load. This is essential so as to ensure that axial stress con-
centration does not occur at a particular location. The load
was applied directly on the concrete cylinder through thick
cut steel discs. It was alsomade sure that the sizes of the discs
were at least equal to or greater than the nominal size of the
concrete cylinders. All cylinders were placed such that there
would be no generation of eccentricity while the axial load
would act.4.4. Conﬁnement strength and modulus study
Ductility of a structure, or its members, is the capacity
to undergo large inelastic deformations without signiﬁcant
loss of strength or stiﬀness. Ductility is that parameter
which enables large deformations of any structural compo-
nent before failure. If ductile members are used to form a
structure, the structure can spread out suitable warnings
prior to its collapse. This is beneﬁcial to the users of the
structures, as warnings are generated to the occupants in
order to ensure lesser damage to life. Ductility is an essen-
tial attribute and property of an earthquake resistant struc-
ture. Ductility is that parameter which reduces the dynamic
load demand through increased energy dissipation. This
phenomenon has had a profound signiﬁcance in the design
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century. A very important interlinked parameter of struc-
tural ductility is the conﬁnement property. Enhancement
in conﬁnement of a structural component directly related
to an increase in the ductility of the component. Conﬁne-
ment is the process of restraining the concrete by means
of closely-spaced special transverse reinforcement in direc-
tions perpendicular to the applied stress. Conﬁnement is
the most popularly used characteristics for enhancing the
ductility of building columns. As columns are the most sig-
niﬁcant load carrying members of any structural frame sys-
tem, their energy dissipation capacity without collapse,
ensuring safety is a very integral characteristic of the struc-
tural system. And the same can be ensured by suitable con-
ﬁnement of these important structural components. The
most common types of conﬁnement are steel conﬁnement,
reinforced concrete conﬁnement, ﬁbre reinforced polymer
composite conﬁnement, conﬁnement with high tension
materials like carbon ﬁbre, glass ﬁbre, etc. Conﬁnement
with newer sustainable green composite materials such asFigure 5. (a) Concrete cylinders after casting; (b) primer applied concrete cylin
cylinder; (d) bonding of woven sisal fabric on the cylinder; (e) ﬁnal coating of ep
ﬁnal coating of epoxy hardener mix on the strip bonded glass fabric on the conatural ﬁbre composite conﬁnement can also be researched
upon. Conﬁnement basically encases the concrete and pro-
vides conﬁnement by view of transverse ﬁbre or reinforce-
ments, especially for circular cross sectional concrete
columns. Conﬁnement also increases the ﬂexural strength
by virtue of well anchored longitudinal ﬁbres or reinforce-
ment at critical sections.
Conﬁnement modulus (E1) and conﬁnement strength
(f1) of FRP are considered to be the two main factors
aﬀecting the performances of FRP-conﬁned concrete cylin-
ders. As FRP composites are often linear elastic materials,
equations to calculate conﬁnement modulus and conﬁne-
ment strength can be derived based on the equilibrium
and deformation compatibility conditions (Xiao and Wu,
2001; Wu, 2002; Wu et al., 2006). Conﬁnement modulus
is given by E1 ¼ 12 qf Ef , and the conﬁnement strength is
given by f 1 ¼ 12qf f f in accordance with various studies
conducted on FRP conﬁned concrete cylinders (Xiao and
Wu, 2001; Wu, 2002; Wu et al., 2006).ders being cleaned; (c) application of epoxy hardener mix on the concrete
oxy hardener mix on the bonded carbon fabric on the concrete cylinder; (f)
ncrete cylinder; (g) all the FRP conﬁned concrete cylinders before testing.
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mate tensile strength of FRP; and qf is the volumetric ratio
of FRP to concrete, which can be determined by qf ¼ 4tfD
for fully FRP wrapped concrete cylinder and by
qf ¼ 4tf bfDðbfþsf Þ, for partially FRP wrapped concrete cylinder.
Also here tf is the thickness of FRP, D is the diameter of
concrete cylinders, bf is the width of FRP strip, and sf is
the clear vertical spacing between strips for partially
wrapped FRP concrete cylinders.
The conﬁnement modulus and the conﬁnement strength
of fully FRP wrapped concrete cylinders are presented in
Table 4 and the conﬁnement modulus and the conﬁnement
strength of partially FRP wrapped concrete cylinders are
presented in Table 5. Fig. 7(a) and (b) presents the compar-
ative graphical variation in the conﬁnement modulus and
the conﬁnement strength respectively for diﬀerently FRP
conﬁned concrete cylinders with respect to full conﬁnement
and partial conﬁnement.5. Test results
5.1. Axial compressive load carrying capacity
The ultimate condition of failure of the concrete cylin-
ders, which is basically comprised of the ultimate axial
strength of both the FRP conﬁned and the controlled orFigure 6. (a) Instrument used for compressive testing of cylinders; (
Table 4
Conﬁnement modulus and strength properties of fully wrapped concrete cylin
Type of
specimen
fully
wrapped
Depth D of
the cylinder
(mm)
FRP
composite
thickness tf
(mm)
Volumetric
ratio
qf  4tfD
Modulus of
elasticity of FR
Ef (kN/mm
2)
SisalF1 103 3.98 0.155 42.5
SisalF2 103 3.98
JuteF1 103 3.65 0.142 32.5
JuteF2 103 3.65
CarbonF1 103 1.2 0.047 125.0
CarbonF2 103 1.2
GlassF1 103 1.4 0.055 95.0
GlassF2 103 1.4unconﬁned cylinders were recorded at the failure of the
specimen, and all the corresponding ultimate axial deﬂec-
tions too were recorded digitally by the data acquisition
system. The ultimate axial loads along with the axial deﬂec-
tions of the corresponding FRP conﬁned and unconﬁned
concrete cylinders subjected to axial compression are pre-
sented in Table 6 for fully FRP wrapped concrete cylinders,
and the same are presented in Table 7 for partially FRP
wrapped concrete cylinders. The ultimate axial load of each
specimen was calculated by averaging the ultimate loads
obtained for duplicate specimen models, as described in
the stated Tables. The ultimate failure axial load was easily
recorded for artiﬁcial FRP wrapped fully conﬁned cylin-
ders. As after the ultimate failure, no further load carrying
capability in the specimens were observed. But for natural
fabric composite fully wrapped cylinders, marking the ulti-
mate failure axial load was a diﬃcult task. Especially sisal
fabric wrapped cylinders, the specimens displayed signs of
failure, but again recovered to undergo further axial deﬂec-
tion before undergoing failure. Similar behaviour was also
displayed by jute fabric composite fully wrapped cylinders,
but the recovery of sisal fabric composite fully wrapped
cylinders before ultimate failure was more superior. This
proves that sisal fabric composite cylinders displayed post
axial load peak ductile behaviour before reaching the high-
est axial deformations at higher axial loads. It is evident
from the experimental results obtained that the conﬁningb) the instrument along with the digital data acquisition system.
ders.
P
Ultimate tensile
strength of FRP f f
(N/mm2)
Conﬁnement modulus
(N/mm2) E1 ¼ 12qf Ef
(N/mm2)
Conﬁnement strength
(N/mm2)
f 1 ¼ 12 qf f f (N/mm2)
223.367 3293.75 17.32
189.479 2307.5 13.46
923.056 2937.5 21.7
678.571 2612.5 18.67
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Figure 7. (a) Conﬁnement modulus of diﬀerent FRP conﬁned concrete cylinders in view of fully and partially wrapping techniques; (b) conﬁnement
strength of diﬀerent FRP conﬁned concrete cylinders in view of fully and partially wrapping techniques.
Table 5
Conﬁnement modulus and strength properties of partially wrapped concrete cylinders.
Type of
specimen
Partially
wrapped
Width of
FRP strips
bf (mm)
Net spacing
between the FRP
strips sf (mm)
Volumetric
ratio
qf ¼ 4tf bfDðbfþsf Þ
Modulus of
elasticity of FRP
Ef (kN/mm
2)
Ultimate tensile
strength of FRP ff
(N/mm2)
Conﬁnement
modulus
E1 ¼ 12 qf Ef
(N/mm2)
Conﬁnement
strength
f 1 ¼ 12 qf f f
(N/mm2)
SisalS1 30 26.67 0.082 42.5 223.367 1742.5 9.16
SisalS2 30 26.67
JuteS1 30 26.67 0.076 32.5 189.479 1235 7.21
JuteS2 30 26.67
CarbonS1 30 26.67 0.025 125.0 923.056 1562.5 11.54
CarbonS2 30 26.67
GlassS1 30 26.67 0.029 95.0 678.571 1377.5 9.84
GlassS2 30 26.67
Table 6
Result summary of axial compressive test conducted on fully wrapped concrete cylinders.
Type of
specimen
Axial deﬂection at
failure (mm)
Average axial deﬂection at
failure (mm)
Ultimate axial
load (kN)
Average ultimate axial
load (kN)
Percentage increase in axial load
carrying capacity
Control1 2.23 2.86 119.92 118.26 –
Control2 3.48 116.59
SisalF1 10.56 12.01 197.35 196.52 66.18
SisalF2 13.45 195.68
JuteF1 7.97 8.12 174.82 175.64 48.53
JuteF2 8.26 176.45
CarbonF1 4.12 4.45 215.55 217.4 83.84
CarbonF2 4.78 219.24
GlassF1 6.58 6.73 334.75 332.28 180.98
GlassF2 6.87 329.81
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axial load carrying capacity of concrete cylinders is of a
good magnitude. And as the extensive research literaturehas it, CFRP and GFRP composite wrapping too greatly
enhanced the axial load carrying capacity of concrete cylin-
ders. The performance of sisal fabric composite wrapping
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Figure 8. Ultimate axial load of diﬀerent FRP conﬁned concrete cylinders
Table 7
Result summary of axial compressive test conducted on partially wrapped concrete cylinders.
Type of
specimen
Axial deﬂection at
failure (mm)
Average axial deﬂection at
failure (mm)
Ultimate axial
load (kN)
Average ultimate axial
load (kN)
Percentage increase in axial load
carrying capacity
Control1 119.92 118.26 2.23 2.86 –
Control2 116.59 3.48
SisalS1 153.45 155.16 4.11 5.15 31.21
SisalS2 156.87 6.18
JuteS1 136.72 136.1 3.11 3.82 15.09
JuteS2 135.48 4.53
CarbonS1 173.52 172.13 3.77 3.65 45.56
CarbonS2 170.74 3.52
GlassS1 222.38 223.52 6.11 6.02 89.01
GlassS2 224.65 5.92
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cial FRP composite wrappings. All concrete cylinders exhi-
bit highly ductile behaviour when suﬃciently conﬁned by
either FRP wraps, since the characteristics of axial load
carrying capacities are better and superior for fully
wrapped cylinders than for partially wrapped ones. Par-
tially conﬁned specimens exhibit gains in strength or ductil-
ity, between those for the controlled or unconﬁned
cylinders and the fully FRP wrapped cylinders. The fully
FRP conﬁned specimens displayed highest axial load carry-
ing capacity. Hence we can conclude that an increase in the
amount of conﬁnement results in an increase in the ulti-
mate axial load. Fig. 8 presents the comparative graphical
variation in the ultimate axial load for diﬀerent FRP con-
ﬁned concrete cylinders with respect to full conﬁnement
and partial conﬁnement, and also the same for controlled
or unconﬁned concrete cylinders.in view of fully and partially wrapping techniques and their comparison
with the unconﬁned controlled or unconﬁned cylinder.5.2. Failure modes of the concrete cylinders
The observed failure modes of all fully conﬁned and par-
tially conﬁned concrete cylinder specimens are clearly pre-
sented in Fig. 9. For Control1 and Control2, the ultimate
failure was reached by excessive concrete cracks through-
out the height of these specimens. These models went on
absorbing the axial load and dissipated the load all around
the diameter throughout their heights, since no conﬁne-
ment was present. The ultimate rupture was evident, when
these models failed to take any further axial load, with a
large number of longitudinal cracks. The fully FRP con-
ﬁned specimens displayed the highest axial load carrying
capacity. In SisalF1 and F2, the ultimate failure modes
were marked by the continuous rupture of the FRP lami-
nate from top to the bottom in a single line crack forma-
tion, without the generation of any other alternate crack.
This rupture of FRP started from the top surface and fol-
lowed until the bottom was reached, once FRP failure was
initiated, concrete from the concrete cylinder opened up
and there was concrete disruption and burst along the
unconﬁned portion of the concrete cylinder, due to the
FRP rupture. Although rupture of sisal FRP took place,
there was absolutely no debonding of the FRP from thefaces of the concrete cylinder. JuteF1 and F2 displayed a
similar type of failure mode as displayed by SisalF1 and
F2, i.e., a single line fracture of FRP without any debond-
ing. But the concrete burst or disruption after the FRP sin-
gle line fracture was much more prominent in JuteF1 and
F2 as compared to SisalF1 and F2. As is evident from
the ﬁgures, the ultimate failures of natural FRP conﬁned
concrete cylinders were due to shear cone formations,
because of the eﬀect of axial compression on the FRP con-
ﬁned concrete. In all cases shear cone formations were
observed. And failures were marked by concrete burst
through the unconﬁned portion of the cylinder due to the
FRP rupture. This type of rupture where the rupture in
the FRP laminate originates from the top surface and con-
tinues throughout the bottom in a single line is called con-
tinuous laminate rupture, which was evident, in both the
failure modes of SisalF1 and F2 as well as JuteF1 and
F2. In CarbonF1 and F2, the ultimate failure modes were
marked by the continuous rupture of the FRP laminate in
a ringed formation in the bottom half. This type of FRP
rupture where the rupture is predominant in any particular
Figure 9. (a) Ultimate failure modes of GlassF1 under axial compression; (b) ultimate failure modes of carbonF1 under axial compression; (c) failure
modes of unconﬁned concrete cylinders Control1 and Control2; (d) ultimate failure modes of CarbonF1, CarbonS1, GlassF1 and GlassS1; (e) ultimate
failure modes of JuteF1 and JuteS1; (f) ultimate failure modes of SisalF1 and SisalS1.
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particular location. Here it was observed that both Car-
bonF1 and F2, underwent failures by shear cone forma-
tions, which led to bottom half rupture of CFRP,
followed by concrete burst and disruption from the bottom
concrete cross section due to the loss of conﬁnement action
due to FRP rupture. Here the stress concentrations at the
bottom cross section due to the shear cone formation alto-
gether led to the concentration of localized stresses in the
bottom half which successively promoted failure in the
CFRP fully wrapped concrete cylinders. In GlassF1 and
F2, the ultimate failure modes were marked by the ringed
rupture of the GFRP laminate in a ringed formation
throughout the entire height of the concrete cylinder. This
type of FRP rupture where the rupture basically takes
place in the form of closed circular rings, due to excessive
generation of circumferential stresses is called ringed rup-
ture of the FRP. Here it was observed that both GlassF1
and F2, underwent failure due to the shear cone forma-
tions, which led to the generation of large amounts of cir-
cumferential stresses, followed by ringed type of FRP
rupture throughout the entire height of the concrete cylin-
ders. This was duly followed by concrete burst and disrup-
tion in rings wherever the conﬁning action was lost due to
FRP rupture. This case of axial compressive failure is very
common because of the conglomeration of excessive cir-
cumferential or hoop stresses generated by heavy axial
loadings. Here the large amounts of circumferential stressesled to the formation of ringed type of failure throughout
the entire height of these models, and successively pro-
moted failure in the GFRP fully wrapped concrete cylin-
ders. All the strip wrapped models displayed localized
rupture of FRPs in the strips, especially in the strips pre-
sent in the central zones, for the entire strip FRP conﬁned
concrete cylinder specimens. Concrete burst and disrup-
tions were observed after the failure of the FRP strips in
the central part of the cylinders. Here, too the ringed
FRP rupture, due to the shear cone formations, followed
by concrete burst were observed for all the strip FRP
wrapped cylinders subjected to axial compression. The ulti-
mate failure modes were marked by FRP strip ruptures,
with complete disruption of concrete and inability of these
specimens to carry any further load.
6. Conclusions
1. The thermally conditioned woven FRP composites of
sisal and jute FRP exhibited the highest tensile strength.
Heat treated sisal FRP composites displayed the highest
tensile strength of 223 N/mm2 and ﬂexural strength of
350 N/mm2, whereas heat treated jute FRP composites
displayed a tensile strength of 189 N/mm2 and ﬂexural
strength of 127 N/mm2. It was observed that the tensile
strength as well as the ﬂexural strength of woven natural
ﬁbre composites enhanced with high temperature
conditioning due to better cross-linkage, better adhesion
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showed that the reinforcement of woven sisal and jute
ﬁbre reinforced polymer composites created a new mate-
rial with generally improved mechanical properties.
2. Basically the artiﬁcial FRP composites made up of
woven ﬁbres of carbon and glass displayed higher
mechanical strengths than natural ﬁbre composites. Car-
bon FRP composites displayed the highest mechanical
properties among all FRP composites, with a tensile
strength of 923 N/mm2 and ﬂexural strength of
1587 N/mm2, followed by glass FRP composites, which
displayed a tensile strength of 678 N/mm2 and a ﬂexural
strength of 666 N/mm2.
3. It was observed that the conﬁnement strength of sisal
FRP fully conﬁned cylinders was 17 N/mm2 and came
very close to GFRP conﬁnement strength, which had a
conﬁnement strength value of 18 N/mm2. The highest
conﬁnement strength was displayed by CFRP conﬁned
cylinders at 21 N/mm2, and jute FRP conﬁned concrete
cylinders displayed the least FRP conﬁnement strength
of 13 N/mm2. The performance of natural FRP conﬁne-
ment especially that of woven sisal FRP conﬁnement
strength characteristics is of comparable magnitude to
GFRP conﬁnement strength characteristics. Hence, we
can conclude that even natural FRPs made up of woven
sisal ﬁbres, and their fabricated composites can be suit-
able for concrete conﬁnement as it displays enough
potential in terms of conﬁnement strength
characteristics.
4. It was observed that the conﬁnement modulus of sisal
FRP fully conﬁned cylinders was 3294 N/mm2 and it
was the highest among all the other FRP conﬁnements
including carbon and glass and even jute. This was clo-
sely followed by the conﬁnement modulus of carbon
FRP fully conﬁned cylinders, which was 2937 N/mm2,
further followed by glass FRP fully conﬁned cylinders,
which was 2612 N/mm2. And ﬁnally the conﬁnement
modulus of jute FRP fully conﬁned cylinders was
2307 N/mm2. In spite of sisal FRP being fabricated from
natural woven ﬁbres of sisal, the material FRP displayed
superior conﬁnement modulus properties even better
than CFRP and GFRP, and has proven to be one of
the most ductile materials for FRP conﬁnement.
5. When suﬃciently conﬁned, FRP conﬁned concrete
cylinders exhibited high axial compressive load carrying
capacities and ductility characteristics. However if the
conﬁnement was partial or sparse or inadequate, then
the axial load carrying capacity and also the ductility
characteristics were degraded as full wrapping displayed
a higher axial load carrying capacity than partial wrap-
ping conﬁgurations.
6. The ultimate axial load of glass FRP fully conﬁned
cylinders was the highest i.e., 332 kN, and displayed
an increase in the load carrying capacity by 180% over
controlled or unconﬁned cylinders, which displayed an
ultimate axial load of 118 kN. Carbon FRP fully con-
ﬁned cylinders followed GFRP conﬁnement, displayingan ultimate axial load of 217 kN, and an increase in
the load carrying capacity by 83% over controlled or
unconﬁned cylinders. The reason behind GFRP conﬁne-
ment having a higher ultimate axial load carrying capac-
ity may be because GFRP fabric was multi-directionally
braided and CFRP fabric was uni-directionally braided.
The ultimate axial load of sisal FRP fully conﬁned cylin-
ders was close to CFRP conﬁnement displaying a value
of 196 kN, and also displaying an increase in the load
carrying capacity by 66% over controlled or unconﬁned
cylinders. Jute FRP fully conﬁned cylinders displayed
the least ultimate axial load among all FRP conﬁnement
materials, displaying an ultimate axial load value of
175 kN, and an increase in the load carrying capacity
by 48% over controlled or unconﬁned cylinders.
7. The natural woven ﬁbre reinforced polymer composite
materials such as woven sisal FRP or woven jute FRP,
displayed huge potential in the enhancement of axial
load carrying capacity of concrete cylinders, similar to
CFRP and GFRP conﬁnement attributes. The utiliza-
tion of these natural materials which come with huge
environmental and sustainable beneﬁts must be encour-
aged in all spheres of structural applications, so that our
dependencies on non-renewable fossil fuel products for
various structural application purposes are curtailed.
Sisal FRP and jute FRP have good conﬁnement
strength as well as conﬁnement modulus and hence
can be attributed as a good ductile material with supe-
rior mechanical properties. Their utilization in various
civil and structural engineering ﬁelds would deﬁnitely
help us in moving towards a sustainable greener envi-
ronment with better rural development promoting
bio-diversity.
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